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Airborne dust generation is one of the byproducts of coal mining, processing, and 
handling. The amount of airborne total dust (ATD, respirable size and larger) and 
airborne respirable dust (ARD) generated is of primary interest for designing the level of 
engineering controls needed for adequate dust abatement. Laboratory crushing 
experiments were conducted in a wind tunnel with a roll crusher to identify relationships 
among crushing parameters, product size, coal rank properties, and airborne dust 
generation. Through the first series of experiments, the effect of primary and secondary 
breakage processes on both product size and airborne dust generation was examined. 
Through a second series of experiments, the effect of coal rank properties on product size 
and airborne dust generation was studied using a uniform crushing process with 
secondary breakage.
Laboratory results indicate that secondary breakage of a particular coal notably 
increases the specific amount of ATD generated, while negligibly impacting the specific 
amount of ARD generated. A strong positive relationship was identified between the 
specific amounts of ATD and ARD generated during the primary breakage process (with 
minimal secondary breakage), but a negligible relationship was observed between the 
same two variables when secondary breakage was introduced into the crushing process. 
This indicates that most of the ATD and ARD is generated from the primary breakage, 
while secondary breakage has a more of an influence on generating additional amounts 
of larger sized ATD.
Additional experiments involving the uniform crushing of eight different bituminous 
coals showed that the coal rank, expressed as the inherent moist fuel ratio (MFR= fixed 
carbon -f- (volatile x inherent moisture)), had diverse relationships between the product 
size created and the amount of airborne dust generated. As bituminous coal rank or 
MFR increased, the amount of coal product fines < 250 nm increased while the mass 
percentage of ATD and ARD liberated from these < 250 |im product fines decreased. 
Air dry loss (ADL) moisture in the coal was found to be inversely related to the dust 
cloud electrostatic field, influencing dust liberation from the coal product fines. Since 
the MFR was directly related to the dust cloud electrostatic field, opposite the
ADL-electrostatic field relationship, the diverse relationships between the product size 
created and the amount of dust liberated from the < 250 (im product fines were 
explained. Finally, 12 to 14 times more ATD was generated as compared to the ARD 
generated during these experiments. These results should provide a fundamental basis 
for initial estimation of the airborne dust loading requirements of engineering control 
methods for coal crushing.
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INTRODUCTION
Airborne coal dust is a byproduct of coal breakage during mining, 
processing, and handling. Airborne dusts can pose both respiratory 
and environmental problems. In mines, prolonged exposure to 
airborne respirable coal dust is responsible for the prevalence of coal 
workers’ pneumoconiosis (CWP) in the United States. Health research 
studies have identified that the severity of CWP is directly related to 
the amount of respirable dust exposure and the coal rank [1-3]. More 
broadly, the U.S. Environmental Protection Agency (EPA) also 
reports general population respiratory health risks associated with 
inhalable particulate matter (PM) comprising solid particle and liquid 
droplets [4]. Furthermore, EPA cites that reduced visibility in parts of 
the United States is caused by PM, which can also cause damage to 
painted surfaces and building existence.
Airborne coal dust is also explosive, given the right particle size, 
concentration, and ignition source. Bureau of Mines studies have 
shown that ignitable airborne coal dust concentrations start on the 
order of 50g/m3 (0.05 oz./ft3) [5,6]. The most explosive coal dust 
size in air is below 75 nm (—200 mesh) [5,6]. Airborne coal dust 
concentration, minimum ignition temperature, and minimum ignition 
energy all decrease with increasing volatile matter of the coal. The 
ignition temperature was found to be also substantially lower for a 
non-air borne dust layer [5]. Thus coal dust also has potential safety 
hazards as well as health hazards associated with its generation.
Over the past few decades, air quality standards have been enacted 
by several federal regulatory agencies to reduce occupational lung 
disease risks from coal mining as well as public health and 
environmental risks from ambient air emissions. The Mine Safety 
and Health Administration’s (MSHA’s) permissible dust standard for
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coal mine workers is a shift average of 2.0 mg of airborne respirable 
coal mine dust per cubic meter of air (2.0 mg/m3 as defined by the 
Mining Research Establishment (MRE) Criteria) [7]. MSHA also does 
not permit explosive accumulations of coal dust in the air of or on 
surfaces in coal mines and surface facilities [8]. The U.S. EPA’s 
national ambient air quality standards include a 24-hour and annual 
PM2.5 standard (less than 2.5-^m diameter particles) of 65 (xg/m3 and 
15|ig/m3, respectively, and a 24-hour and annual PMi0 standard (less 
than 10 nm diameter particles) of 150 jig/m3 and 50|xg/m3, respectively 
[9]. A significant investment in air pollution control measures is usu­
ally required for mining operations to meet these air quality standards.
Air pollution or engineering control measures for airborne dusts can 
be very efficient, but misapplication of these methods persists in the 
coal mining industry. A field study of thirteen US longwall mining 
operations showed a ten-fold range of airborne respirable dust levels 
at the mining face (1 to 10 mg/m3 at the tailgate), with variations in 
engineering control measures utilized [10]. A field study of eighteen 
coal preparation plants likewise showed more than a ten-fold range of 
airborne respirable dust levels inside these plants (from 1 to 11 mg/m3) 
[11,12]. Only one-third of these plants had dust levels below 5 mg/m3, 
with the others exceeding 7 mg/m3. The worst locations in many of the 
plants were found in tightly boxed-in and poorly ventilated areas on 
the first and second floor. Only three of the plants in this field study 
used dust collection devices besides ventilation; these devices included 
bag houses, wet scrubbers, and an electrostatic precipitator. Many of 
these devices have shown at least 85% dust capture efficiency On 
respirable-sized dusts in the field [11]. A key operational problem 
found with these devices in coal preparation plants is pipe and duct 
clogging from dust on the negative air pressure side of the devices. 
Thus, some of these dust control problems encountered in the coal 
mining industry can be attributable to a lack of fundamental 
knowledge about the amounts and characteristics of airborne dust 
generated from coal breakage.
Prior research studies on the relationship between coal rank and 
dust generation have shown differences between the amount of dust 
particles created in the product and the amount of dust that gets 
airborne. Many of these studies focused on studying the amount of 
fine dust particles created in the product from coal crushing and
grinding. Results from these studies conclusively showed that the 
amount of fine dust generated in the product is positively related to 
coal rank [13-15]. However, laboratory and field studies on airborne 
dust generation have shown the opposite relationship with regard to 
coal rank. Underground and laboratory studies conducted by the U.S. 
Bureau of Mines in the late 1980s and early 1990s and by the National 
Institute for Occupational Safety and Health [NIOSH] in the mid 
1990s showed negative relationships between coal rank (low to high 
volatile bituminous coals studied) and airborne dust generation as 
compared to previously established positive coal rank and product 
fines relationship [16-18].
In order to identify the underlying factors involved in the diverse 
results observed between coal rank, product size characteristics, and 
airborne dust generation, NIOSH conducted additional laboratory 
coal crushing experiments. This research was conducted to identify the 
underlying causes of airborne dust liberation from the coal product. 
Two series of experiments were involved in this research. The first 
series of experiments involved crushing four feed sizes of Pittsburgh 
coal using two feed methods to develop a repeatable experimental 
procedure to be used on testing various bituminous coals. Once a 
procedure was established, the second series of experiments was 
performed on five bituminous coals to identify relationships between 
coals characterized by proximate analysis, specific energy of crushing, 
product size characteristics, dust cloud electrostatic field, and specific 
amounts of airborne total dust (ATD) and airborne respirable dust 
(ARD) generated. An earlier report by Organiscak and Page, 1998, 
describes the development of the crushing procedure, presents the 
results of roll crushing five different US bituminous coals, and 
discusses the coals’ air dry loss (ADL) constituent and electrostatic 
charge effect on airborne respirable dust (ARD) liberation from the 
coal product [19].
Since then, the experimental results obtained from crushing four 
feed sizes of Pittsburgh coal using two feed methods were further 
examined to determine the underlying causes of product size and 
airborne dust generation from primary and secondary breakage 
processes. Primary breakage is acknowledged as the process of coal 
being directly broken by either compression, shear, or impaction 
forces from the crusher apparatus, whereas secondary breakage is
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recognized as the process of coal being indirectly broken or ground 
upon itself (mastication). Also, three addition coals have been tested 
and the data further analyzed to develop relationships comparing the 
coal rank, median product size, product fines (<250|im  or —60 
mesh), percentage of airborne total dust liberated from the < 250 |xm 
product (PATD250), and percentage of airborne respirable dust 
liberated from the <250nm product (PARD250). The objective of 
this paper is to formulate a fundamental basis for identifying airborne 
dust loading requirements for engineering control methods used in 
coal mining, processing, and handling.
COAL CRUSHING EXPERIMENTS
Two series of coal crushing experiments were conducted to identify the 
underlying causes of airborne dust liberation from the coal product. A 
double-roll crusher was selected to study the breakage properties 
of medium-sized coal lumps (approximately 50 mm), because it 
minimizes the amount of over-grinding through a small size reduction 
ratio of 1.5 to 5:1 (ratio of average feed size to product size) [20]. The 
first series of experiments studied primary coal breakage with and 
without secondary breakage interjected into the crushing process. The 
second series of experiments studied the relationships among coal 
rank, product size, dust cloud electrostatic field, and airborne dust 
generation.
Test Facility
The experimental test facility comprised a roll crusher located in the 
intake end of a 1.2-m high by 0.6-m wide, wood-framed, plastic- 
sheath-enclosed wind tunnel 6.1m in length. A dust collector and 
exhaust fan were located at the discharge end of the tunnel. The 
crusher was a 1.1 kW compact double roll crusher (79.4-mm diameter 
rolls) operating at approximately 70rpm, with twenty-four 12.7-mm 
high, blunt chisel shaped teeth, staggered on each roll. An inductive 
current transformer (± 0 .1  A) was installed to monitor the crusher’s 
current usage. The crusher’s operating capacity was 227-1361 kg/hr 
of up to 101.6-mm feed size lumps of coal or rock material.
Dust sampling was conducted 3 m downstream of the crusher and 
approximately 2.4 m upstream of the tunnel transition to the dust 
collector and exhaust fan. Dust sampling was conducted with two 
Sierra 298 personal sampling impactors,1 each equipped with the 
standard inlet cowl and positioned at one-half the tunnel height from 
the floor and one-third the tunnel width from the wall. The impactor 
stages 1 through 6 (20 nm through 1.55 ^m cut point sizes) were used, 
with the minus 1.55 nm particles sizes collected on the final filter. An 
MIE Real-Time Aerosol Monitor (RAM-1) sampler continuously 
monitored the respirable fraction of dust from a 10-mm Dorr Oliver 
cyclone placed in the middle of the impactor sampling locations 
[21]. All the sampler inlets were faced into the airflow. Dust cloud 
electrostatic field measurements were made immediately downstream 
of the crusher (within 0.3 m) with a Monroe 245 electrostatic field 
meter, and stored on an analog data logger. Air velocities were 
determined from the time it took the dust to travel 3 m to the RAM-1 
sampling location after crusher start-up. Preliminary crushing tests 
indicated that the lowest possible wind tunnel air velocity needed to 
maximize dust concentrations and mass collection was 0.10 m/s 
(45 m3/s air quantity). Lower velocities permitted dust to escape from 
the tunnel inlet, so wind tunnel airflow was targeted for 0.10 m/s for all 
the experiments. Wind tunnel air humidity was not controlled as part 
of this study, but experimental conditions measured were mostly 
between 60% to 90% relative humidity.
Primary and Secondary Breakage Experiments
Two breakage processes were studied during the first series of 
experiments to develop a reproducible crushing procedure for the 
second series of coal property experiments. A predominantly primary 
breakage process was modeled by trickle-feeding coal into the crusher 
(i.e., a separate vibrating feeder slowly trickles coal into the crusher). 
Secondary breakage was introduced into the primary breakage process 
by batch-feeding coal (i.e., gravity feeds the batch of coal from the 
crusher hopper). Both feed methods on several coal feed sizes were
1 Mention of any company name or product does not constitute endorsement by the 
National Institute for Occupational Safety and Health.
DUST LIBERATION DURING CRUSHING
studied in a series of crushing experiments conducted on 470 kg of 
Pittsburgh coal obtained from NIOSH’s Safety Research Coal Mine at 
the Pittsburgh Research Laboratory (PRL). A large batch of PRL coal 
lumps were jaw crushed, screened, and riffled (a sample splitting 
process) [22] into 32 representative test samples (14.7 kg by weight) of 
various feed sizes that would be tested under different feed methods. 
The sizes tested included 50.0 x 25.0-mm, 25.0 x 19.0-mm, 19.0 x 
12.5-mm feed samples, and an equivalent-weight three-size mixture. 
The various test samples were randomly processed through the 
crusher for the two feed methods, yielding four runs for each test 
condition.
The crushing variables studied during these experiments included 
specific energy consumption, dust cloud electrostatic field, product size 
parameters, and specific airborne dust generated (total and respirable). 
The data collected from these experiments are shown in Table I. 
Energy consumption was determined from crusher current, voltage, 
and time. The dust cloud charge was determined by averaging the 
electrostatic field measurements over a time period equal to the 
crusher operating time plus 10 seconds. This allowed sufficient time for 
the generated dust cloud to travel beyond the field meter position. The 
crusher product was screened using U.S.A. Standard Testing Sieve 
sizes (ASTME.- 11 specification) of 1/2” (12.5 mm), #4 (4.75 mm), #7 
(2.80mm), #16 (1.18mm), #30 (600nm), #40 (425nm), and #60 
(250 nm). Schuhmann size function parameters [23] were determined 
by nonlinear least squares regression of the cumulative size distribu­
tion data. Airborne Total Dust (ATD) or float dust measured in our 
experiments included all the airborne particulate material collected on 
the 6 stages and the final filter of the Sierra 298 impactors operating at 
2.0 liters/min (20 nm through 1.55 nm aerodynamic diameter cut point 
sizes). Using Stokes Law, coal dust particles greater than an aero­
dynamic diameter of 23 |xm were estimated to settle out before 
reaching the dust sampling location at the wind tunnel velocity of 
O.lOm/s [24]. Thus, the ATD collected by the impactors in these 
experiments would include dust sizes up to an aerodynamic diameter 
of about 23 |im. Airborne respirable dust (ARD) was determined by 
applying the former (1985) ACGIH definition of respirable dust to 
the mass sizes collected on the Sierra 298 impactors at the particular 
air sampling rate and time [25]. The former ACGIH definition of
Feed size Feed weight 
Feed method mm kg
Trickle
Batch
Trickle
Batch
Trickle
Batch
Mix 14.711
14.711 
14.698 
14.703
Mix 14.634
14.674 
14.658
14.675
25.4 x 50.8 14.662
14.610
14.576
14.615
25.4 x 50.8 14.620
14.598
14.642
14.642
19.0 x 25.4 14.627
14.651
14.640
14.643
19.0 x 25.4 14.648
14.653
14.637
14.681
TABLE I Pittsburgh coal crushing data
Specific
energy
W’minlkg
Dust cloud 
electrostatic 
field 
V/cm
xSchuhnumn 
constant “a” 
mm
1Schuhmarm 
exponent “b”
% Less than 
250/jm
Specific 
airborne 
total dust 
mglkg
Specific 
turbarne 
resp. dust 
m /k g
2.42 129.2 15.06 1.29 1.56 194.3 4.06
2.74 102.8 15.39 1.27 1.51 199.4 6.63
2.44 123.6 15.24 1.29 1.36 257.1 10.47
1.96 120.0 14.99 1.28 1.65 224.2 6.47
5.05 139.2 14.89 0.88 1.23 273.5 7.43
5.03 99.2 15.03 0.88 1.72 162.8 4.75
5.40 124.8 15.28 0.87 2.58 289.9 8.16
5.55 114.2 15.10 0.87 2.60 313.7 7.22
4.26 107.0 14.16 1.16 1.84 278.7 9.83
6.36 144.8 14.25 1.13 1.91 198.1 4.61
4.22, 100.4 14.41 1.09 108 280.8 8.32
4.52 108.4 14.43 1.11 2.02 180.3 3.69
5.29 152.4 13.79 0.89 1.18 271.2 6.34
7.05 132.4 13.72 0.89 1.24 260.2 10.66
6.24 123.4 13.84 0.89 1.68 370.9 7.84
5.49 130.0 13.79 0.88 1.21 397.8 8.84
0.91 118.4 14.92 1.36 1.42 277.5 14.29
1.21 132.0 14.75 1.27 1.60 211.4 5.19
3.15 117.2 14.68 1.31 1.40 131.1 4.45
1.26 88.4 14.66 1.31 1.43 319.6 10.25
6.49 94.4 14.45 0.85 1.04 295.0 4.76
6.54 108.4 14.52 0.86 1.12 289.6 9.35
6.31 116.8 14.58 0.86 1.73 289.4 5.69
6.34 132.0 14.58 0.86 1.70 354.5 4.37
Trickle 12.7 x 19.0 14.727 0.78 93.6 16.25 1.62 0.89 125.7 4.09
14.706 2.42 81.6 16.10 1.62 0.93 167.5 9.38
14.712 2.04 72.0 16.19 1.59 0.95 147.4 6.43
14.734 0.84 64.0 16.50 1.56 0.94 124.3 2.63
Batch 12.7 x 19.0 14.731 3.83 74.4 17.29 0.89 2.47 241.1 5.30
14.698 4.41 109.2 17.92 0.90 2.32 183.4 5.68
14.745 5.16 124.8 17.44 0.89 2.39 227.0 8.22
14.745 4.69 153.6 18.08 0.88 2.43 235.3 2.88
!Schuhmann size function: Y=(X/a)b; where Y is the cumulative percentage of weight less than X, 
X is the size of particles (mm),
a is the Schuhmann top size regression parameter (mm), 
and b is the Schuhmann exponent regression parameter.
respirable dust is a cumulative mass lognormal distribution with a 
mass median aerodynamic diameter (MMAD) of 3.5 nm (±0.3 |im )  
and a geometric standard deviation (GSD) of 1.5 ( ±  0.1).
Initial analysis of testing precision shows that the batch-feed 
method for both the mixed-size and the 50.0 x 25.0-mm feed samples 
have lower amounts of measurement error for all of the crusher 
variables investigated as compared to the trickle-feed method and the 
other feed sizes tested [19]. The batch feed process is how roll 
crushers are typically used to maximize equipment capacity [24]. 
The lower Schuhmann exponent parameters observed for the batch- 
feed method ( <  1), as compared to the trickle-feed method ( > 1) (see 
Tab. I), indicate that more secondary breakage occurs during the 
batch-feed process than the trickle-feed process. Also, the less-than- 
one Schuhmann exponent parameters is characteristic of run-of-mine 
(ROM) coal size distributions, which parallel the parameters 
measured for the batch-feed crushing tests, indicating that secondary 
breakage is part of most mining and loading processes [19,26]. 
The mixed-size feed was preferred to the 50.0 x 25.0-mm feed 
because as bulk coal samples are processed (crushed and screened) 
to create the feed samples, more feed material can be obtained from 
a given amount of bulk coal. Additional statistical analysis of the 
data (Tab. II) was conducted to examine primary and secondary 
breakage effects on energy consumption, dust cloud electrostatic 
field, product size, and specific airborne dust generation (total and 
respirable).
Coal Property Experiments
For the second series of experiments, eight types of bituminous coals 
were roll crushed using a uniform batch-feed process of equivalent 
three-size mix of coal feed material. Five of the bituminous coals were 
collected from coal seams in the United States [19]. Bulk coal samples 
were collected over multiple shifts from three continuous miner 
sections located in WV, MD, and UT, a longwall located in CO, and 
at NIOSH’s PRL mine in PA. These coals ranged from a low-volatile, 
high-ash bituminous coal (higher rank) to a high-volatile, low-ash 
bituminous coal (lower rank). Three additional bituminous coals were 
collected from longwalls operating in coal seams in Poland under a
TABLE II Analysis of Pittsburgh coal crushing data using ANOVA
Main effects Interactions
Variables Breakage process Feed size breakage-feed Residual Total
degrees o f freedom (d.f.’.) (Id /.) (3 d f ) (3 d.f) (24 df.) (31 d f )
Median product size
Sum of Squares 32.44 23.29 1.16 0.26 57.15
F-Ratio 1,000 719.4 35.90
Significance 0.000 0.000 0.000
Percentage of product < 250 jun
Sum of Squares 0.827 0.503 4.85 2.04 8.23
F-Ratio 9.71 1.96 18.98
Significance 0.005 0.146 0.000
Specific crusher energy
Sum of Squares 70.00 24.08 13.04 11.75 118.9
F-Ratio 142.98 16.40 8.88
Significance 0.000 0.000 0.000
Dust cloud electric field
Sum of Squares 1,593 3,555 2,005 8,428 15,582
F-Ratio 4.54 3.37 1.90
Significance 0.044 0.035 0.156
Specific airborne total dust
Sum of Squares 40,454 47,482 2,720 65,386 156,043
F-Ratio 14.85 5.81 0.333
Significance 0.001 0.004 0.802
Specific airborne respirable dust
Sum of Squares 0.300 18.08 18.78 183.2 220.4
F-Ratio 0.044 0.789 0.820
Significance 0.838 0.512 0.496
Air dry loss 
Moist fuel moisture1
Coed seam ratio1 %
Eagle 3.32 1.18
2.98 0.93
3.30 0.97
3.23 0.94
4.01 1.11
4.37 1.03
Upper 13.83 1.20
Freeport 14.12 1.11
11.53 1.10
10.66 1.05
11.87 1.16
13.62 1.08
Blind 0.80 3.82
Canyon 0.62 3.40
0.89 3.10
1.27 2.79
0.84 3.35
0.61 2.87
0.70 3.11
Wadge 0.32 4.57
0.48 5.55
0.40 4.96
0.48 5.55
TABLE III Particular bituminous coal crushing data
Feed
weight
kg
Specific
crushing
energy
Wminlkg
Dust cloud 
electrostatic 
field 
Vjcm
Schum.
constant
Schum.
exponent
mm
% Less 
than 
250/im
Specific 
airborne 
total dust 
mg/kg
Specific 
airborne 
resp. dusi 
mglkg
12.652 3.21 112.8 15.12 0.79 3.61 293.1 13.07
12.624 4.29 112.4 14.95 0.78 3.79 451.2 15.81
13.894 4.66 72.0 15.18 0.81 3.55 266.1 12.61
13.811 4.34 116.0 15.27 0.83 3.43 240.0 11.70
13.608 2.99 76.4 15.28 0.81 3.55 278.1 12.88
13.608 4.41 77.6 15.27 0.80 3.58 266.8 12.47
11.725 1.97 146.0 13.86 0.63 5.60 243.2 13.21
11.762 1.00 180.0 13.89 0.62 5.74 180.5 10.44
11.618 2.45 131.3 14.32 0.64 5.28 267.3 14.35
11.644 1.77 158.8 14.27 0.63 5.69 203.2 10.37
11.766 2.87 128.8 14.35 0.65 5.51 315.7 13.10
11.737 1.97 162.0 14.24 0.63 5.79 177.6 7.62
12.176 3.76 55.2 15.86 0.83 2.99 284.6 14.20
12.179 3.97 64.0 15.91 0.84 2.89 193.6 12.72
12.576 3.24 108.8 16.21 0.85 3.00 392.8 21.33
12.573 5.25 53.6 16.36 0.86 2.91 283.7 15.62
11.239 3.78 100.4 16.24 0.86 2.88 326.6 18.66
11.236 4.67 90.8 16.19 0.85 2.86 349.6 15.75
11.303 4.05 44.4 16.36 0.89 2.27 241.4 9.48
12.651 2.41 24.0 16.51 1.11 1.81 301.6 11.95
12.665 2.76 -28 .8 15.97 1.10 1.83 336.3 9.88
12.031 3.53 -25 .2 15.98 1.08 1.82 198.5 7.79
12.012 3.38 -9 .2 15.98 1.08 1.86 202.7 8.90
Pittsburgh 1.50 0.77 14.634 5.05 114.2 14.89 0.88 1.23 262.1 7.12
1.48 0.74 14.674 5.03 139.2 15.03 0.88 1.72 155.4 4.54
2.08 1.13 14.658 5.40 99.2 15.28 0.87 2.58 277.8 7.78
1.79 1.12 14.675 5.55 124.8 15.09 0.87 2.60 301.6 6.90
Polish 0.53 5.13 12.301 9.13 -12.8 15.90 1.02 1.33 371.0 26.49
Coal A 0.51 5.85 12.271 7.12 -34.0 15.75 0.99 1.96 283.2 16.70
Polish 0.49 5.92 8.642 3.69 17.2 15.41 0.95 1.76 145.8 7.16
Coal B 0.52 6.02 8.663 3.49 9.2 15.59 0.92 2.52 86.98 1.79
Polish 1.21 1.36 7.803 3.62 0.4 14.32 0.77 2.90 347.4 10.87
Coal C 1.21 1.53 7.784 4.33 -1 .6 14.35 0.78 2.89 449.5 19.46
1 Determined from percentage of weight on an as-determined basis (weight percentages used without the ADL moisture). 
2Reported as percentage of weight on an as-received basis.
joint research project with the United States [27]. These three coals 
were high-volatile bituminous coals with a wide range of moisture and 
ash contents.
These underground bulk coal samples were processed in the 
laboratory to obtain multiple test samples of each coal seam. Jaw 
crushing was conducted on the larger lumps to obtain equal mass 
portions of the various feed sizes for testing. Riffling was done to split 
the sized coal samples into equal representative portions, and these 
portions were mixed for the crusher feed samples. Next, all the coal 
feed test samples were weighed and stored in sealed cans. The U.S. 
coal samples were randomly tested first in the crushing facility, with 
the Polish coals randomly tested later, using the batch-feed process 
selected from the first series of experiments. The crushing variables 
studied during these experiments included specific energy consump­
tion, dust cloud electrostatic field, product size parameters, and 
specific airborne dust generated (specific total and respirable). A small 
coal test sample was riffled from the crushed product after screening 
to determine the coal constituents by proximate analysis [28]. The 
proximate analyses were used to determine the coals’ inherent moist 
fuel ratio (MFR =  fixed carbon 4- (volatile x inherent moisture)) on an 
as-determined basis and were used to determine the coals’ air dry loss 
moisture (ADL) on an as-received basis. The data collected from these 
experiments are shown in Table III.
EXPERIMENTAL RESULTS
The data from these experiments were studied using the Analysis of 
Variance (ANOVA) method, scatter plot examination, and regression 
analysis to determine the effects of primary and secondary breakage 
on the experimental variables measured. ANOVA was used to identify 
the significance of the breakage process and feed size on median 
product size, percentage of product less than 250 jun ( —60 mesh), 
specific crusher energy, dust cloud electrostatic field, specific airborne 
total dust, and specific airborne respirable dust. Scatter-plot examina­
tion was also used to analyze relationships among the experimental 
variables measured, particularly for subsets of data for each breakage 
process and coal seam characteristic data. Regression analysis was
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applied to determine the strength of the observed relationships. 
Regression relationships and parameters shown in this paper are 
significant at the 95 percent confidence level.
Primary and Secondary Breakage
Laboratory control over primary and secondary breakage processes 
was achieved with the trickle and batch feed of the Pittsburgh coal 
samples. Figure 1 groups the Schumann top size and exponent 
parameters determined from the cumulative size distributions of the 
crusher product. The trickle-feed process produced a significant 
positive relationship between the Schumann exponent and top size 
parameters for the various feed sizes tested, with the exponent 
parameters greater than 1. The batch-feed process produced no 
relationship between the Schumann exponent and top size parameters 
for the various feed sizes tested with exponent parameters less than 1. 
These diverse Schumann parameter relationships show that the trickle- 
feed process involved very little secondary breakage as compared to 
the batch-feed process. The trickle-feed process allowed very little 
material in the hopper to be trapped and re-circulated through
SCHUHMANNTOP SIZE
FIGURE 1 Schuhmann size parameter relationships for different breakage processes 
of Pittsburgh coal.
the crusher rolls, whereas the batch-feed process incurred some 
intermediate product re-circulation of the feed material through the 
crusher rolls, yielding Schumann exponent parameters consistently less 
than 1 for all the feed sizes tested.
ANOVA showed that the median product size was significantly 
impacted by the breakage process and feed size. Results of ANOVA 
for the breakage process and feed size effects on the experimental 
variables measured are shown in Table II. The median product size 
(product size at which 50% of the mass is greater or less than) was 
significantly influenced by both breakage process and feed size. 
Figure 2A shows the relationships of these main effects on median 
product size. Smaller feed material produced larger median product 
sizes for each of the processes utilized, because the smaller feed 
material had to be re-broken a lesser number of times than the larger 
feed material before it passed through the rolls. The batch-feed process 
produced a smaller median product size for each feed size as compared 
to the trickle-feed process, because some of the product was re­
circulated with the feed material through the rolls and then re-broken.
The percentage of product less than 250 nm ( -6 0  mesh) was 
significantly influenced by the breakage process and the interaction of 
the breakage process and feed size (see ANOVA in Tab. II). The 
influence of the breakage processes and size interactions on product 
fines can be seen in the relationships comparing the breakage process, 
feed size, and the percentage of product less than 250 |im in Figure 2B. 
The trickle-feed process produced a positive relationship between the 
feed size and the percentage of product less than 250 nm while the 
batch feed-process produced a negative relationship between the feed 
size and percentage of product less than 250 nm.
A key influence in these different relationships is the feed size 
interaction during the breakage process [24]. During the trickle-feed 
process, smaller feed sizes are quickly crushed and passed through the 
crusher, minimizing feed re-circulation. This subjects less coal feed 
material to subsequent crusher breakage into smaller particles. Larger 
feed material in the trickle-feed process ride up on the rolls and has to 
be nipped several times before it passes through the rolls, creating 
more product fines less than 250 (xm for the larger feed material. 
During the batch-feed process, as smaller feed material is crushed, 
more feed lumps are re-circulated and ground into smaller particles,
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FIGURE 2 Feed size and breakage process effects on product size of Pittsburgh coal.
increasing the percentage of product fines less than 250 nm for the 
smaller feed size. Also, the weight of the feed in the batch-feed process 
limits the ability of the larger particles to ride up on the rolls, reducing 
product fines less than 250 nm for the larger feed size.
Breakage process and feed size also significantly affect the specific 
crusher energy and the dust cloud electrostatic field. ANOVA shows 
that specific energy is significantly affected by breakage process, feed 
size, and breakage-feed interactions. Figure 3A shows the negative
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FIGURE 3 Specific energy and dust cloud electrostatic field relationships with median 
product size of Pittsburgh coal.
relationship between median product size and specific energy. 
Analogous to the laws of Bond, Kick and Rittinger [20], more specific 
energy is required to crush coal material into smaller product sizes. 
ANOVA also shows that dust cloud electric field is affected by the 
breakage process and feed size. Figure 3B shows the negative 
relationship between the median product size and dust cloud electro­
static field. The overall production of smaller median product sizes 
corresponds with the increase in dust cloud electrostatic field.
Airborne total dust (ATD) generation was significantly affected by 
the breakage process and feed size, while airborne respirable dust 
(ARD) generation was negligibly affected by these two experimental 
factors. ANOVA shows that only the specific ATD was significantly 
affected by the experimental factors. Figure 4A illustrates that specific 
ATD has a negative relationship with median product size, while
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FIGURE 4 Airborne total and respirable dust relationships with median product size 
of Pittsburgh coal.
Figure 4B shows no relationship between specific airborne respirable 
dust and median product size. Further examination of the relation­
ships between specific ATD and ARD, generated in Figure 5A, shows 
that a positive relationship is evident only for the trickle-feed process. 
This indicates that ATD and ARD are principally generated from 
primary breakage and that secondary breakage has more of an 
influence on generating additional amounts of larger non-respirable 
airborne dust particles.
Since different percentages of product <250p.m and varying 
median product size relationships were observed for the crushing 
processes, the percentages of total and respirable dust liberation from
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FIGURE 5 Relationship between the airborne total and respirable dust generated 
from the different breakage processes of Pittsburgh coal.
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the < 250 |xm product fines were further examined for both crushing 
processes. The relationships between the percentage of ATD and ARD 
liberated from the < 250 (a.m product fines (PATD250 and PARD250, 
respectively) for both breakage processes are shown in Figure 5B. This 
analysis improved the quantitative relationships between ATD and 
ARD generation during the experiments, showing that the amount of 
total dust liberation was 12 and 26 times higher than the respirable 
dust fraction for the trickle-feed and batch-feed process, respectively. 
Thus, the secondary breakage within the batch-feed process roughly 
doubled the rate of non-respirable airborne dust liberated from the
< 250 |xm product fines.
Coal Properties
For the second series of experiments, eight types of bituminous coals 
were roll crushed using a uniform batch-feed process on a three-size 
equivalent weight mixture of coal feed. The results from these 
experiments are shown in Table III. This crushing procedure provided 
lower crusher parameter variations as measured in the first series of 
experiments [19], and is how roll crushers are typically used to 
maximize equipment capacity [24]. These different bituminous coals 
yielded distinguishable product size parameters, electrostatic field 
properties, percentage of product fines < 250 nm, specific ATD, and 
specific ARD (see Tab. III).
Higher rank bituminous coals broke into smaller-sized products 
than lower rank coals. The rank of the bituminous coals crushed are 
described by their inherent moist fuel ratio (MFR) [16,17]. Lower 
rank coals have lower MFRs and higher rank coals have higher 
MFRs. Figure 6 shows the median product size and percentage of 
product size < 250 nm relationships with respect to the coals’ MFR. 
The higher MFR (or rank) coals produce a smaller median product 
size (see Fig. 6A) and higher percentages of <  250 (im product fines 
(see Fig. 6B). Production of product fines for higher rank coals is 
consistent with other crushing and grinding research studies [13-15].
A uniform positive relationship was observed between the total and 
respirable portions of the airborne dust generated from crushing these 
coals. Figure 7A shows the specific ATD and ARD generated, while 
Figure 7B shows the ATD and ARD normalized to the amount of
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FIGURE 6 Coal rank (expressed as MFR) and product size relationships.
< 250 |im liberated from the product fines (PATD250 and PARD250). 
These relationships demonstrate that the amount of ATD generated 
was between 12 and 14 times higher than the ARD, similar to the 
primary breakage relationships established in the first series of 
experiments. Thus, the primary breakage portion of the batch-feed 
process appeared to be the main influence on the ATD and ARD 
generated from crushing the same sizes of various coals.
Although higher rank coals were crushed into a smaller product as 
compared to the lower rank coals, the percentage of airborne dust 
liberated from the < 250 |xm product fines is less for higher rank coals 
as compared to lower rank coals. Figure 8 shows the relationships
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between PARD250, PATD250, and MFR. As MFR or coal rank 
increased, both PARD250 and PATD250 decreased. Parametric 
relationships are shown for all the data points (both U.S. and Polish 
coals, illustrated with a solid line) and for the U.S. data points (open 
points and dashed line). The parametric regression relationships 
between PARD250, PATD250, and MFR were very similar when 
including and excluding the Polish coals, but were more efficient for 
the U.S. coals only (which show increased R2). All these relationships 
and their parameters were found to be statistically significant at the 95 
percent confidence level.
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respirable dust liberated from the < 250 jun product fines.
The decrease in airborne dust liberated from product fines of higher 
rank coals is most likely related to lower air dry loss (ADL) moisture 
present in these coals. ADL moisture is the free water, at normal 
vapor pressure, present in the coal’s internal fracture structure [29]. 
ADL is determined by proximate analysis to be the free water weight 
percentage of coal on an as- received basis. Lower levels of ADL 
moisture present in coals have shown higher levels of electrostatic field 
measurements in the airborne dust, reflecting increased dust particle
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agglomeration in the air and/or dust particle adhesion in the product 
[19,30]. Figure 9 shows the relationships between the electric field 
measurements of the airborne dust and the MFR and ADL properties 
of the coals tested. Although the higher MFR coals tested generally 
had lower ADL moisture contents and higher electrostatic field 
measurements, MFR and ADL are somewhat independent properties 
of coal because ADL moisture levels can be independently altered to 
change the electrostatic field properties of the dust [30]. A notable 
variation of ADL moisture for the lower MFR Polish coals tested 
illustrates this independence (see Fig. 9).
The larger dust variations observed for the Polish coals in the 
PARD250, PATD250, and MFR relationships were likely influenced 
by the larger variations in ADL moisture for these lower MFR coals. 
The additional influence of ADL moisture on airborne dust generation 
would be difficult to statistically model given the notable association
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FIGURE 9 Coal property effects on dust cloud electrostatic field.
between MFR and ADL moisture for most of the bituminous coals 
tested (see Fig. 9) [19]. However, coal MFR was observed to be a 
reasonable quantifying measure of rank, median product size, the 
amount of < 250 (im product fines, PARD250, and PATD250 during 
these experiments.
AIRBORNE COAL DUST GENERATION RATES
The rate of airborne coal dust generated is key for the effective design 
of dust control measures needed for the preparation plant. In order to 
examine the rate of airborne dust generation from coal crushing, the 
experimental MFR regression relationships were used to predict the 
amount of < 250 jim product fines and airborne dusts generated for a 
higher range of roll crusher capacities that would yield similar product 
sizes to the experimental data. Table IV shows the results for coal 
MFRs of 1, 5, and 10 over the crushing range of 10 to 100 short tons 
per hour (9.1 to 90.7 metric ton/hr). Although these estimates may not 
predict actual values due to different crusher scaling factors (i.e., larger 
roll spacings yielding different reduction ratios), coal wetting (i.e., 
water sprays), and other coal property factors (i.e., ADL moisture), 
they do indicate the dust control strategy needed to adequately abate 
airborne dust levels in coal preparation plants.
As can be seen in Table IV the amount of ATD generation rate 
(float dust) can be substantial, especially at higher crushing capacities. 
From 5 to over 60 pounds per hour of airborne total dust would be
TABLE IV  Product fines and airborne dust estimates for various coal MFRs and 
crusher production ranges
Moist fuel ratio
Crushing 
rate 
short ton/hr 
(metric ton/hr)
<  250 iim 
product1 
short tort/hr 
(metric ton/hr)
Airborne total 
dust1 
lb/hr 
(kg/hr)
Airborne 
respirable dust1 
lb/hr 
(kg/hr)
1 10-100 0.24-2.45 5.5-55.1 0.23-2.28
(9.1-90.7) (0.22 -2.22) (2.5-25.0) (0.10-1.03)
5 10-100 0.40-3.99 6.3-62.9 0.28-2.76
(9.1-90.7) (0.36-3.62) (2.9-28.5) (0.13-1.25)
10 10-100 0.49-4.93 5.0-49.7 0.24-2.35
(9.1-90.7) (0.44 -  4.47) (2.3-22.5) (0.11-1.07)
1 The amount of < 250 nm product fines and airborne dusts estimated from regression equations in 
Figures 6 and 8.
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generated from crushing between 10 and 100 short tons of coal per 
hour, respectively. The respirable portion of these dust estimations is a 
small fraction of the ATD generated. Estimated ARD generation rates 
range from less than a pound to nearly 3 pounds per hour. Although 
the coal’s MFR somewhat impacted the airborne dust generation 
estimates, the coal breakage rates would likely be the largest factor 
impacting the capacity of the dust control system.
Figure 7 also shows the relationships between ATD and ARD for 
the eight coal seams crushed in the laboratory. These relationships 
indicate that the amount of ATD generated was between 12 and 14 
times higher than the respirable portions of the dust. The airborne 
dust size distributions generated were similar for the various coals 
crushed. The lognormal MMAD of ATDs averaged 14.72 ±  0.60 nm, 
with a GSD of 2.22 ±  0.03 (at the 95% confidence level). Other studies 
have shown that airborne dust generated on the return side of a mining 
machine in underground coal mines has similar size distributions 
to those found in the laboratory, with MMADs in the mid-teen 
micrometer range [25,31]. A portion of the total airborne dust
< 10 nm generated in the laboratory was also consistent for the 
various coals crushed, averaging 25.1 ±  1.6% of the dust mass. The 
respirable portions of these airborne dusts generated were defined as a 
lognormal distribution, with a MMAD of 3.5 (im and a GSD of 1.5. 
Therefore, the vast majority of the airborne dust generated from 
crushing was larger non-respirable float dust.
CONCLUSIONS AND RECOMMENDATIONS
Laboratory roll crushing experiments of a particular coal indicate 
that secondary breakage notably increases the specific ATD 
generated, while negligibly impacting the amount of specific ARD 
generated. A strong positive relationship was identified between the 
amounts of specific ATD and ARD dust generated during the 
primary breakage process (with minimal secondary breakage), but a 
negligible relationship was observed when secondary breakage was 
introduced into the crushing process. This indicates that most of the 
ATD and ARD is generated from the primary breakage, while 
secondary breakage has a stronger influence on increasing the amount 
of ATD generated.
Additional experiments involving the uniform crushing of eight 
different bituminous coals showed that the coal rank expressed as the 
inherent moist fuel ratio (MFR) had diverse relationships between the 
product size created and the amount of airborne dust generated. As 
bituminous coal rank or MFR increased, the amount of coal product 
fines < 250 jim increased while the mass percentage of ATD and ARD 
liberated from these < 250 |im product fines decreased. Air dry loss 
(ADL) moisture in the coal was found to be inversely related to the 
dust cloud electrostatic field, influencing dust liberation from the coal 
product fines. Since the MFR was directly related to the dust cloud 
electrostatic field, opposite the ADL relationship, the diverse relation­
ships between the product size created and the amount of dust 
liberated from the <250|xm product fines were explained. Higher 
MFR coals used in these experiments tended to have lower ADL 
moisture content, thus the independent effects of coal MFR and ADL 
moisture could not be statistically modeled. However, strong relation­
ships were established between coal MFR and the product size 
parameters, while moderate relationships were established between 
coal MFR and the percentage of ATD and ARD liberated from the
< 250 |im product fines (PATD250 and PARD250).
These experiments also showed that ARD generation was a very 
small portion of the ATD generated. Between 12 and 14 times more 
ATD mass was generated as compared to the portion of ARD mass. 
Further examination of predicted amounts of airborne dusts generated 
from coal crushing between 10 and 100 short tons per hour (9.1 and 
90.7 metric tons per hour) indicated that more than double the amount 
of ATD would be produced at 10 short tons per hour as compared to 
the amount of ARD that would be produced at 100 short tons per 
hour. These results indicate that a plant’s dust control system must be 
able to efficiently remove the larger-sized, ATD mass generated at 
much higher rates than the smaller ARD mass portions. To effectively 
handle these airborne dust loading rates, dust collection systems 
should be designed to selectively remove the larger-sized dusts at 
earlier phases within the system [32]. Also, since these dust control 
systems are handling combustible dusts with possible methane 
accumulations, safeguards must be included in their design for 
explosive prevention, explosive mitigation (venting) and fire sup­
pression [8].
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Recommendations for designing effective dust control systems can 
be found in the Industrial Ventilation Handbook, 22nd edition
[33], and the Dust Control Handbook for Minerals Processing
[34], Safeguards for dust control systems and plant design can be 
found in the National Fire Codes: A Compilation of National Fire 
Protection Association (NFPA) Codes, Standards, Recommended 
Practices and Guides [35-37]. Hoods and ducts should be designed 
(sized) to achieve adequate air velocities to capture and transport 
the airborne dust through the system. Removing the coarser dusts 
earlier within the system should reduce the likelihood that the dust 
will settle out in the system’s ducts [11,34]. Settling chambers 
and cyclones work well for collection of coarser dusts (>10(xm 
diameter), while wet washers (spray towers, venturi scrubbers, flood­
ed bed scrubbers), bag filters, and electrostatic precipitators are 
recommended for respirable sized dusts (< 10|xm diameter) [32-34]. 
Whole plant ventilation or localized area ventilation with power 
exhaustors can also help control dust levels inside the plant, but 
primary efforts should focus on controlling or capturing dust at the 
source [11].
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